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Ballistic Evaluation of Various Personnel Armor Materials

OBJECT

l. To develop penetration equations from available ballistic data
for Doron, Type II, bonded nylon, unbonded nylon, 24ST-4 aluminum alloy,
75ST aluminum alloy and Hadfield manganese steel which express the bal-
listic liwit for the fragment-simulating type projectiles as a function
of the weight of target material disposed at 0° obliquity.

2, To employ these equations to determine the relative effective-
ness of various personnel armor materials for protection against attack
by fragment type missiles at 0° obliquity.

Tests conducted at Aberdeen Proving sround on personnel armor
materials using fragment-simulating type projectiles have yielded the
velocity required to perforate a given weight of material per unit
protected area at 0° obliquity -~ for a wide variety of materials over
an extensive range of target weights (10 to 70 ocunces per square foot).
The trends exhibited by these data are such that application of the
theory of scale model penetration is suggested. This results in the
development of penetration equations of the Foncelet and de Marre form
which accurately reproduce the terminal ballistic results over the data
range, -

The penetration equations for various personnel armor materials
are listed as follows:

P
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Data Range
Material Equation _(L_Q_Zﬁﬁ_zﬁ.ﬂ)
245T-4 aluminum alloy Vg, = 435 expl:.0048 dii] 45 - 325

75ST aluminum alloy VL = 417 exp[?.OO#B d;l] 40 - 325

Bonded nylon v, =136 ()04 30 - 290

Unbonded nylon v, =23 oM 30 - 295

Hadfield manganese VL = 17.5 G§)0.89 Lo - 185
steel

Doron, Type II vy = &7 &)0.70 35 - 290

S = surface density of target material
(oz/£t2)
d = diameter of fragment simulator (inches)

By means of the equations developed the relative effectiveness
of various personnel armor materisls in protecting against attack by
fragment type missiles at 0° obliquity is assessed,

Performance curves are presented to assist the personnel armor
designer in selection of the most effective materjal to defend
against fragments of known weight and travelling at known velocity.

CONCLUS IONS

l. Particular forms of the de Marre and Poncelet type penetra-
tion equations are found to reproduce the terminal ballistic results
of the various personnel armor materials,

2, Of the personnel armor materials tested the following order
of decreasing ballistic efficiency is obtained at 0° obliquity:

Frm surface densities per caliber of attacking fragment
sinulator, (§), of 20 oz/ft2/in, to 170 oz/ft%/in.

&. Unbonded nylon

b, Bonded nylon

¢. Doron, Type II

d. Hadfield manganese steel

e, Aluminum alloys (24ST-4 and 75ST)

2
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From§ = 170 oz/ft2/in. to §= 290 oz/ft2/1n.

a. Doron, Type Il
b. Unbonded and donded nylon
¢. Aluminum alloys (245T-4 and 75ST)

3. Both aluminum alloys (24ST-4 and 75ST) are everywhere equal
to each other but decidedly inferior over the entire data range to the
other materials tested,

4, Everywhere in the region ¥ = 20 oz/ft2/in. to% = 170 oz/ft2/in.
the ballistic difference between two consecutively rated materials is
snall (aluminum alloys excepted) and as § increases this difference de-
creases until at § = 170 oz/ft2/in. all armor materials afford the same
resistance to fragment perforation,

5. Within the region § = 170 oz/ft?/in. to § = 290 oz/ft2/in,

Doron, Type II, becomes increasingly superior to all materials while
bonded and unbonded anylon are equal in performance,

LA Mibdrrt
R. A. MULDOGN
Physicist

AYPROVED:

, .25? )<$191£;vq~_/

« F. SULLIVAN
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INTHODUC TION

During the latter part of World War II and especially since the
outbreak of the Korean hostilities, intensive effort has been directed
towards the development of 2 lightweight material of good ballistic
quality. This material must be of such construction that it can be
incorporated into a garment for the foot soldier and afford protec-
tion against attack by fregments from high explosive and other frag-
ment producing ammunition. The need for such a garment is amply
demonstrated by the fact that approximately ?70% of all battlefield
casualties are a result of wounds inflicted by fragments and other
lightweight low velocity missiles,

For the evaluation of the ballistic capabilities of various
materials suggested es personnel armor components, Watertown Arsenal
has designed a projectile which incorporates the essential penetra-
tive features of fragment type missiles. This so-called fragment
simulator is fired against the material under investigation and the
velocity at impact recorded. From a substantial number of impact
velocity measurements over a narrow range of velocities (where per-
foration is likely to occur) the protection ballistic limit (V50) is
celculated, The V50 limit represents the velocity level at which
there exists a 50% probability that the projectile will defeat .the
target, Then under identical test conditions - obliquity, weight of
body armor per unit aree and projectile caliber - the V50 limit dis-
criminates between the ballistic protection afforded by warious
materials,

The materials evaluated in this report include 24ST-4 and 75ST
aluninum alloys, bondedl and unbonded? nylon, Doron, Type 113. and
Hadfield manganese steel”,

1. Bonded nylon panels procured from Victory Plestics Company, Hudson,
Mass, Watertown Arsenal Furchase Order 52-947,

2. Unbonded nylon purchased under U, 3, Army Specification 7-25,
entitled "Cloth, Nylon, Duck, Lightweight," dated 20 May 1947.

3. Doren, Type II, purehased from Continental Diamond Fidbre Company,
Newark, Delaware, Watertown Arsenal Purchase Order 52-1310
dated 20 September 1951,

4, Hadfield manganese steel purchased under Ordnance Corps Tentative
Specification AXS-1170, revision 1, dated 18 December 1945,

o
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Penetration studies in the field of steel arwmor have yielded sev-
eral general penetration equatlonsb. These equations incorporate to a
varying degree the multitudinous variables prescnt in a projectile -
plate interaction. For a given target material of known mechanical
and metallurgical properties, probably the most influential are the
mass, diameter and velocity of the projectile and the obliquity and
thickness of the target material. Then for a proJjectile of known
geometry impacting a target at a given obliquity, extensive experi-
mental evidence indicates that the success of the target in defeat-
ing the projectile is largely dependent upon the ratio of target
thickness, @, to projectile diameter, d, (the & ratio) and proJjectile
velocity.

§ The depeandence of penetration on dimensionless parameters permits
projectils - plate desisn studies to be made in scale model in the
lrboratory- These scale model tests utilize arumor plate and pro jec-
tiles of the same quality as correspondinz full scale components. Re-
sults obtained from these scale moiel tests may then be used to pre-
dict full scale perforuance.

The development of equations for personnel armor materials re-
ported herein is a result of expressing the penetration data as a
fuaction of caliber piate thickness and projectile velocity - the
same variables found pertinent in perforation of steel armor by kine-
tic energy projectiles. The data are found to be well represented in
separate cases by equrtions of the de Marre and toncelet type.

Before introducing the penetration forms, it will be fruitfur to
discuss the usuel scale model penetration parameters to determine their
applicability in the evsluation of personnel armor materials.

A. lrojectile

Five fraguent-simnlating projectiles (see figure !) are presently
used by the Urdnance Courps in the ballistic evaluation of perdonnel
srmor, All simulators are heat treated to n uniform hardness of 29-
31 dAockwell "c" which is the representative hardness of fragments re-
covered frou deton~te’ American 3hell, HE, 105 MM, M1, The geometric
and metallurgicsl design is such that the essential penetrative fea-
tures of fragment type missiles are preserved, Aand also consistently

_— e - e e e e e W e wmr - f We—G—— temm e W W N e W AT el A = w8 et W — o o—

5. Armament Research Establishment, Proceedings of the Symposium on
the Penetration of Armor, September 28-29, 1948, lart I, "Pene-
tration by Conventional Projectiles ™
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reproducible exterior and terainal ballistic results are guaranteod6'7.
These projectiles retain the same shape and vary only in mass and
dianeter. By definition, then, the projectiles are homologous, and

-21—' = -Eg- " (1)
a;3 a3
where:

m) 2 = weight of fraguent simulators 1 and 2

d),2 = diameter of fraguent simulators 1 and 2

B. Target Thickness

In penetration studies of steel arwor the thickness, (€), of
the target is usually expressed in diameters, (d), of the attacking
projectile, i.e. the & ratio. It has been found that this parameter
influences the mode and consequently the efficlency of the perfora-
tion. Tests with steel armor are usually undertaken to improve the
quality of steel and no sensible variation in density occurs. The
thickness employed, then, serves as an index to the most critical
combat consideration - weight of armor required to protect a given
area.

With personnel armor penetration efficieancy also depends on
caliver thickness of the target, but because materials of widely
differing density are studied, it is advisable to assess the rela-
tive ballistic capabilities of personnel aruwor materials in terms
of the weight required to protect a given area.

novw

n=p ¥

m=P x1lxwzxe

(2)

-

6. Watertown Arsenal Laboratory Heport No. WAL 760/503 - "Deter-
mination of Coefficieat of Drag (Kp) and Development of Velocity
Loss Equations for the Fragment-Simulating Type Projectiles Used
to Evaluate Fersonnel Armor Materials," K,A. Muldoon, 27 January

1953.

7. Watertown Arsenal Laboratory Report No. WAL 710/1013 - *Persoanel
Armor - Ballistic Evaluation of M1 and Experimental EX-51-1
Helmets," F, S. Mascianica, 21 August 1953,

6



vhere?
m = welzht
P = density®
7 = volume
lxw = surface dimensions

€ = thickness

If attention is confined to a surface area of one aquare foot,
thea

6 = }.%,z =PC * (3)

where:
€ = surface density

From equation (3), it can be seen that the surface density,&,
is a linear function of the target thickness,@ .

C. Poncelet Theory of Penetration

This theory of penetration assumes that the retarding pressure
acting on a projectile during penetration is proportional to the
square of the velocity.

Then
af = -CV2 (&)

where:

m = mass of the projectile

vV = &¥ = v 4V = instantaneous deceleration of
at ax the projectile while perforating

the target
x = distance along the target thickness

and C is proportional to the frontal area of the pro-
Jectile in contact with the target,

#5es Table III for a list of the volumetric densities of the
various personnel armor materials,

*%Care must be taken that a consistent set of units is employed,

?
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Then
C = ka2 (5)

Substituting into equation (4) yields

& . _k? o, )
\4 m

Now, for homologous projectiles l% is constant, Equation (6)
can be written d

av - .
7 dx

Ao

Integrating between the limits V = Vp at x = 0 and V = V, at
X =@, ylelds

V=V, exp b € (7)
where:
VLB = that velocity which will just perforate the

target material - limit velocity

Vo velocity level required before perforation

is established

By means of equation (3) the above relation for the limit velocity
may be expressed in terus of the wore meaningful surface density,6.
Equation (7) now becomes

Vg = ¥, exp[k @)} (8)

In the defeat of any target, all of the energy possessed by the
projectile is not utilized in achleving perforation; but, ratner, some
of the projectile's anergy is dissipated in the form of elastic defor-
mation over the area of impact and in forward displacement of the target,
Vo probably represents the dissipation of projectile velocity before the
perforative mechanism is established,

-

8. The ballistic limits obtained from the equations are not as precise
as the V50 protection ballistic limit data, Because of this the
symbol V50 is abandoned in favor of Vi, A reason for this devia-
tion is suggested later,
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D. de Marre Theory of Pepetration:

This theory of penetration asserts on the basis of diuensional
arguments that the energy required for perforation is a function of
the target thickness and the diameter of the impacting projectile,

932!3 = A afe3m (9)

and '
Bov? =B " (10)

where:

m = projectile mass
d = projectile diameter

that velocity which will just perforate the
target material - limit velocity

Vg

¢ = target thickness
B = constant of proportionality

Now i? is constant for any projectile of fixed geometric design.
] (o]

Therefore r the homologous fragment-simulating projectile, equation
(1) reduces to
X
v, = ¢ §)72
and substituting equation (3) yields
n
v, = k (%) (11)

Ia the ideal case the constants contained in both penetration
equations described above would admit of a physical interpretation.
In genersl, however, the penetration process is too complicated and
dependent on too many variables to allow such a simple solution.
Yet, the success with which particular forms of the penetration
equations reproduce the bdballistic results of various personnel armor
materials does provide a basis for a better understanding of the
physical mechanisms involved in the perforation phenomenon. More
important, the equations permit an accurate interpolation of the
ballistic performance of personnel armor and may be readily incor-
porated into a more elaborate analysis of the protection afforded
combat personnel when subjected to fragmentation dbursts from H.X,
amnunition. !

-
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SOURCE CF DATA

The data contained in this report were compiled by the Armor
Branch, Development and Proof Service, Aberdeen Proving Ground at
the request of Watertown Arsenal Laboratory. Ballistic testing was
initiated in erder to develep specification requirements fer per-
sonnel armor materials., The program is etill in progress and, as
of yet, the data obteined have not been published.

Each pretection ballistic limit, V50, listed (see Table If) for
the various target materials is based on at least 100 test rounds
fired under carefully controlled laboratory conditions., The zone of
mixed results included with each ballistic limit determination repre-
sents the maximum ranse of velocities within which a fraguent impact
may sither perforate or be defeated by the target. From these data
the velocity level at which there exists a 50% probability that the
projectile will perforate the target - the protection ballistic limit,
V50 - is calculated. In view of the large number of tests conducted,
it has been estimated that the protection ballistic limit,(V50), de-
duced from these penetration tests is accurate to within + 10 feet
per second.

CALCULATIONS

The velocity required for defeat of the target - protection
ballistic limit (V50) - is pletted in all cases against surface den-
sity per diameter of attacking fragment (analogous to caliber thick-
ness).

If, fer 24ST-4 and 755T aluminum alloy armor, the velocity data
are plotted to a legarithmic scale while the corresponding caliber
thickness of the target is expressed on a unit scale, a linear trend
becomes evident (Figures 4, 5). However, for the other materials,
the data manifests linearity when both parameters are plotted on
logarithmic scales (Pigures 6, 7, 8, 9). The variability of the
ballistic data with (§) is such that it precludes the effort de-
manded by the more mathematically elegant least squares technique;
accordingly, the straight line fits to the data were accomplished
visually. This method is justified by the fact that the equations
developed reproduce the ballistic results to an accuracy consistent
with the assumption that the perforation velocity is dependent solely
on the ¥ ratio.

Feor aluminum alloy data plotted on & seml log scale, the slope
of the straight line is the constant in the exponential term while
the factor by which the efgpnential term is multiplied is equal to
the velocity intercept at F = 0.

For the data plotted on a log-log scale the slope of the straight
line is equal to the exponent of the caliber thickness while the

10
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factor by which this term is multiplied is equivalent to the velocity
required to perforate the target when =1.

In both cases the constant multiplicative factor is a measure of
the dissipation of energy suffered in establishing the mechanism of
perforation operative over the data range, while the slope measures
the response of the projectile to increasing target thickness. A large
value of this parameter indicates that projectile perforation becomes
progressively more difficult with increasing target thickness. The
equations developed as a result of this analysis are compiled in
Table I and plotted in Figures 10, 11, 12, 13, 14, 15 and 16.

By means of equation (3), the surface density for the personnel
armor material under investigation is shown in Figure 3 as a fuaction
of the thickness for the 24ST-4 and 75ST aluminum alloys, Hadfield man-
Zanese steel, and Doron, Type II, and of the number of layers for the
nylon materials., The weight of the fragment-simulating projectile type
used in the evaluation of personnel armor materials is presented in
Figure 2 as a function of the projectile diameter,

Should a knowledge of the balllstic protection afforded by per-
sonnel armor against fregments of a weight class different from those
pow employed be required, then the diameter of the appropriate simu-
lator may be selected from Figure 2. Now, for any ratio of surface
density to fragment simulator diameter falling within the scope of the
data range for a given material, the equations developed will permit
an accurate determination of the ballistic performance,

RESULTS AND DISCUSSION

The equations developed are based on the assumption that the per-
foration velocity varies solely with the Eratio = the perforation ve-
locity remaining constant when § is constant, However, extensive test-
ing with steel armor indicates that with different plate thicknesses
and projectile calibers corresponding to a constant, g. ratio, the
ballistic limit does not remain constant. This phenomenon is known
as the scale effect and is associated with the variation in physical
properties of the armor material at different thickness levels, In
general, the change in physical properties with increasing thickness
promotes the conditions for a plugging type penetration. The net re-
sult is that at constant & ratios the larger diameter projectiles will
defeat the larger thickness plate at a lower velocity.

This same phenomenon is noticed in tests with personnel armor
naterials. The magnitude of the velocity variation as a function of
projectile caliber or armor thickness is not appareant; dbut it seems
that, l1ike steel, an increase in target thickness and projectile cal-
iber (at a constant f ratio) degrades the performance of the target,
The influence of the scale effect is small, however, and is neglected
in the development of the equations. As a consequence, should subtle

11
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differences in the ballistic quality of personnel aruwor be desired,
then recourse should be made to the data. However, in the numerous
cases where overall performance asainst a variety of target thick-
nesgses is required, the equations should prove satisfactory. It
appears that the variation between the data and the equations -
introduced by neglect of the scale effect ~ requires that a differ-
ence of 100 feet per second in calculated ballistic limits be imposed
before a priority in armor quality can be established,

Applying this criterion to the armor materials reported herein
reveals that the following order of decreasing ballistic efficiency
is obtained at 0° obliquity over the indicated data range.

From § =20 oz/ft2/in. to § =170 0z/ft?/1n,

a, Unbonded nylon

b, Bonded nylon

¢. Doron, Type II

d, Hadfield manganese steel

e. Aluminum slloys, 24ST-4 and 75ST

s
From § = 170 0z/ft2/1n. to $ = 290 oz/£t2/1n,

a. Doron, Type 1l
b. Unbonded and bonded nylon
¢. Aluminum alloys, 24ST-4 and 75ST

Both eluminum alloys (24ST-4 and 75ST) are everywhere equal to
each other but decidedly inferior to the other materials tested over
the entire data range,

Everywhere in the region s = 20 oz/ft2/in. to g = 170 oz/ft?/in,
the ballistic difference between two consecutively rated materials is
small (aluminum alloys in relation to the other materials excepted)
and as 8 increases this difference decreases until at € = 170 oz/ftzlin.
all aramor materials afford the same resistance to fragment perforation.

Within the region § = 170 oz/£t%/in. to ¥ = 290 0z/ft?/in. Doron,
Typve 11, is increasingly superior to all materials, while bonded and
unbonded nylon are equal,

Gver the range of g = 170 0z/ft%/in. to fc 290 oz/ft?/in. the
penetration data for Hadfield mangenese sterl is sparse and appears
to manifest & trend inconsistent with that observed over the lower
data range, Because the penetration results are insufficient to
establish with definiteness this new trend, no equation has been
determined for this range of targets,

12
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These limited data for Hadfield manganese steel, althouzh at var-
iance with the trend obtained against lower thicknesses, are not alto-
gether too surprising. It is most likely an indication of a change
in the mechanism of perforation of the armor plate, Un the basis of
these few results, it would seem that against projectile - plate com-
binations where §'> 185 the performance of Hadfield manganese steel
as a personnel armor component is markedly inferior., However, more
tirings are needed over this data range to substantiate this conten-
tion.

GENEKAL CONs IDBRAT LONS

The variability in shape of actual shell fragzments causes a wide
variation in penetrative perforuance. This renders practically iw-
possible any atteupt to express with quantitative precision the ter-
minal ballistic perforwance of acturl fragments. However, couparative
testing at Watertown Arsenal Laboratory of bonded fabric (nylon) hel-
wet liners with fraguent-simulating projectiles nnd nctual shell frag-
uwents, both types of approximately the same weight class, has revealed
that penetration by the simulator is in good n.;reement with averaze
results obtained usinz Aactual fragments”,

The penetration equations developed for simulstors permit = fair
estimate of the performance that can be expected from various per-
sonnel armor materials under attack at 0° obliquity hy actusl frag-
ments of the same welght class, Should future tactical requlrements
demand that protection be provided azainst fragnents from a different
welght class than is represented by the simulators now in use, then
the diameter of an equivalent simunlator can he calculated from equ. -
tion (1) and the maximum fra-sment velocity which a ziven welght of
known material will succesafully resist is readily determined from
the corresponding equation,

The relations developed in this report apply only when penetra-
tion is effected at 0° obliquity. However, during projectile pene-
tration of personnel aruor msterials at oblique attack, the missile
remains undeformed. This would indicate that perforation data on
obliyue firings could also be represented by some simple functional
relationshiy which incorporates the an;le of attack, This hns been
found true in the cnse of penetration of steel armor at obliquities
where the shot remains undeforuwed.

- - o amm e e o

- . W P cmemma—an = - o ——

9. Watertown Arsenal Laboratory leport No. WAL 710/1013- "PLi.UNNEL
ARMUR - Ballistic Evalurtion of Ml and Experlmental EX-5l-1
Helmets," F, 35, masclianica, 21 August 1953
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TARLS 1
Material Tquation

24ST-4 aluminum alloy
75 ST aluminum alloy
Bonded nylon
Unbonded nylon

Hadf ield manganese
steel

Doron, Type Il

VL = 435 exp [.00‘-&8 (E)J

VL

L]

117 exp [L0048 (f)]
136 (S)O.lw
213 (g)o.ul
17.5 (£)0.89

47 (5)0.70

Data Range
(E = oz[ftzlin,)
45 - 325
Lo - 325
30 - 290
30 - 295
Lo - 185

35 - 290

Vi, = that velocity which will just perforate the
target material - limit velocity

© = surfece density of target material

d = diameter of fragment simulator

5
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Fragment Simulator
(Caliber)

0.22
0.22
0.22
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TABLE 11

PENETRATIUN DATA AT 0° OBLIQUITY

-~23ST Alumigun
Yrotection Zone of
Thickness Ballistic Limit Mixed Results
(Inches) V50 (F/S) (r/s)
.072 620 60
156 940 150
250 1500 210
3125 2070 270
.072 555 180
.156 797 100
«250 1022 160
.3125 1280 190
.072 405 150
.187 643 110
3125 850 130
.102 430 80
.187 600 90
3125 770 100
24374 Alugipun
.072 640 60
156 1006 110
.187 1150 130
.250 1550 160
03125 2165 250
070 587 120
156 817 70
250 1090 100
3125 1345 200
.102 560 80
187 678 180
3125 900 110
.102 515 80
187 626 50
3125 820 60
15
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TABLE II (CONT)

Hadfield M se Stee
Protection Zone of
Fraguent Simulator Thickness Ballistic Limit Mixed Results

(Caljiber) (Igches) V50 (¥/8) (P/S)
0.22 .030 1003 160
0.22 .037 1105 180
0.22 045 1460 200
0.22 . 055 1600 270
0.22 . 084 1840 110
0.30 .055 1282 230
0.30 .080 1695 110
0.45 .030 528 110
0.45 .Obs 668 100
0.b45 .080 1133 130
0.50 .037 520 170
0.50 045 601 130
0,50 .080 986 150

Doro Type 11

Surface Frotection Zone of
Fragment Simulator Densltg Ballistic Limit Mixed Results

(Caliber) (oz/£t2) ' V50 (®/S) (R/S)
0,22 16.0 1055 160
0,22 32,0 1535 220
0.22 64,0 2525 220
0.30 16.5 865 200
0.30 32,6 1180 230
0.30 63.4 1920 210
0.45 17.0 673 120
0.45 32,4 858 180
045 6k4.5 1365 150
0.50 25.3 698 170
0.50 42,0 952 220
0.50 53.0 1115 240
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Pragment Simulator

(Caliber)

0.22
0.22
0,22
0.30
0.30
0.30
0.45
0.45
0,45
0.50
0.50
0050

QOO?OOO
NN DN N

OCOoOO0OO0COO0OOCOC

N T T LW b

\h\n
OO\J\\II\I\OOONNNNNNN

Bonded Nylog

Protection
Thickness Ballistic Limit

(Layers) V50 (®/s)

10 1165
20 1600
4o 2260
10 1015
20 1302
40 1825
10 830
20 1060
4o 1470
10 800
20 1015
40 1350
Unbonded Nylog
11 1230
15 1340
22 1650
28 1763
33 1920
3 2070
L 2232
1 1062
22 1420
45 1906
11 950
22 1197
45 1532
11 935
45 1445
17

Zone of
Mixed Results
P/S

120
150
200
120
130
120
160
130
100
130
110
120

200
240
260

80
150
200
130
120
200
180
240
200
140
200
140

PR 3
-
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Volume Densities of Personnel Armor Materials

Material

Aluminum alloy (24ST-4 and

7587T)
Hadfield manganese steel
Doron, Type Il
Unbonded nylon

Bonded nylon

TABLy II1

Volume Density
P

230.40 oz/ft2/in.

652,03 0z/£t%/1n.
164,66 oz/ft2/4n.
1.4k oz/rt2/lager

1.60 oz/ft%/layer

18
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